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The complete isotopic rule discussed previously (Mat. Fys.Skr. Dan.Vid. Selsk. 1, 
no. 5 (1958)) is used to calculate all the fundamental frequencies of the various 
partly deuterated benzenes from those of benzene-d, and benzene-d,. The cal- 
culated frequencies are compared with new experimental values obtained in this 
laboratory. 

All non-planar frequencies are given by strictly valid rules. In order to cal- 
culate the planar frequencies it is necessary to introduce an approximation based 
on the separation of high and low frequencies. No correction for anharmonicity 
is required. Å detailed discussion is given of the setting up of the rules, especially 
of the approximate ones. 

The agreement between calculated and observed frequencies is very satis- 
| factory. Frequencies calculated from strictly valid rules usually agree within 
| 0—3 cm-1), those calculated from approximate rules within 0—10 cm>1. 

A first order approximation is proposed and shown to be of great value for 
| surveying the changes in vibrational frequencies caused by changes in the isotopic 
| substitution. 
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Synopsis. 


The complete isotopic rule discussed previously (Mat. Fys. Skr. Dan.Vid. Selsk. 1, 
no. 5 (1958)) is used to calculate all the fundamental frequencies of the various 
partly deuterated benzenes from those of benzene-d, and benzene-d,. The cal- 
culated frequencies are compared with new experimental values obtained in this 
laboratory. 

All non-planar frequencies are given by strictly valid rules. In order to cal- 
culate the planar frequencies it is necessary to introduce an approximation based 
on the separation of high and low frequencies. No correction for anharmonicity 
is required. A detailed discussion is given of the setting up of the rules, especially 
of the approximate ones. 

The agreement between calculated and observed frequencies is very satis- 
factory. Frequencies calculated from strictly valid rules usually agree within 
0—3 cm>1), those calculated from approximate rules within 0—10 cm>—1. 

A first order approximation is proposed and shown to be of great value for 
surveying the changes in vibrational frequencies caused by changes in the isotopic 
substitution. 
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Introduction. 


FAV the initial stage to a calculation of the complete, harmonic potential function of 
the benzene molecule it was felt desirable to set up all isotopic rules connecting 
the vibrational frequencies of its various deuterated species. As the complete harmonic 
potential function contains 34 constants only, whereas the 13 different H-D-isotopic 
benzenes furnish a total number of 360 fundamental frequencies determined by these 
constants, it follows that there must exist quite a considerable number of interrelations 
between these fundamentals. By setting up these rules one gets very valuable infor- 
mation about which of the isotopic molecules supply new and independent data 
concerning the potential function. 

The consideration of this problem resulted in the establishment of a ""complete 
isotopic rule” which has previously been proposed and its validity demonstrated for 
one set of isotopic molecules, viz. C6H6, sym-C6H3D3, and C6Dg?. In a recent paper? 
(in the following referred to as I) we have discussed the theory of this rule and have 
considered the general conditions for its applicability also to other isotopic molecules 
than the benzenes. Ås a demonstration the rule was applied to the deuterated species 
of acetylene and ethylene. 

The scope of the present paper is to discuss—on the basis of the theory given 
in I—the setting up of the rule and its application to the various partly deuterated 
benzenes. All the fundamental frequencies of these isotopic molecules have been 
calculated and the results are compared with new experimental values. 

Finally a first-order approximation will be discussed. This is shown to be very 
useful for surveying the changes in vibrational frequencies caused by isotopic sub- 


stitutions. 


Setting Up of the Rules. 


It is considered as definitely proved that the benzene molecule has D,, symmetry. 
Hence the symmetries of the various deuterated molecules are those given in Table 1. 
Following LANGSETH and LorDd? the two different C,, symmetries, arising acording 
as the two-fold axis is either passing through two para carbon atoms or is oriented 


1 SVEND BRODERSEN and A. LANGSETH, Mat. Fys. Skr. Dan. Vid. Selsk. 1, no. 1, p. 43 (1956). 
TAS gb 1 mo 5 (1958): 
3 A, LANGSETH and R, C. LorD, Mat. Fys. Medd. Dan. Vid.-Selsk. 16, no. 6 (1938). 
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perpendicular to this direction, are denoted C,, respectively Coen Ek ablestrskurtber 
given the distribution of the fundamental vibrations among the various symmetry 
classes. The fundamentals are numbered according to Wizson! and LANGSETH and 
Lorn?. The component of an originally degenerate vibration which preserves a two- 
fold axis passing through para carbon atoms is denoted by 'a' and the other component 
by 'b”. The hydrogen (deuterium) stretching vibrations are indicated by use of a 
heavy type. 


TABLE 1. Symmetries of the deuterated benzenes and of their fundamentals. 


Den D3%, D2%, Cay C3v Cs 
(4 =d5, 
-do, -dg sym-dg p-do, p-d4 m-d», m-d4, 0-dø, 0O-d4 as-dg 
vic-dz 
Åig 1, 2. | ' 1582 i & 1, 2, i 2, 
Al bå 2 Aig 6a, 7a, 6a, 7a, 6a, 7a, 123 
re SE USER er FØR SR2R Ål 8a, 9a,| 4 8a, 9a, Bål 
så 12, 13, 1 1058433 DR 1415 BRAG: 
fir RES GT 212 182419, 18a, 19a, 18b, 19b, 7a, 7b 
As 8, 9, 20 a. 20a 20b, 8a, 8b, 
FEE E' == A' |9a, 9b, 
18,193 14, 15 
mr 18519; 20. ASER, 33 3; 1238185 
Eu) 20. Be ug 1SD;A19; 6, 7b, 6p, Tb, 14, 15, 
NT ES Nee NER SR B 8b, 9b; B 8b, 9b, 18a, 185, 
BR 14045: 3! 1514875) 50k 11.258133 19a, 19b, 
AL 3, BUR KEBLTD 18b, 19b, 18a, 19a, 20a, 20b, 
Aag| 3. 2: 8b, 9b. 20b. 20a. 
DD ed EAN SEN DAN HSF S) (RS: 4, 5, 
ry 9 10b. 10b 
2 17 HE le es Bo 2 Ås 10b, 
See on 11 11, 16a,17a PE: 
g B 2 16b. 17b ig : 10a, 10b. 
EY 16 17 Ser 16b, 17b: 3 |————— VASE 11 
U å 5 mmm mm , 
Tag HELSE Ao 16å; 1FÆr 10a, B Æ UYÆS 17b. 
— , . SES] 2 2 , 
ERNE BR 0 UDE 16b, 17b. 


The starting point for the setting up of the rules is the construction of a set of 
external symmetry coordinates. In order to do this we place a cartesian coordinate 
system at each atom and oriented as shown in Fig. 1. Following the procedure described 
by one of the present authors? we get the symmetry coordinates given in Table 2. 
From these coordinates it is an easy matter to set up the G matrix of any one of the 


7 E B Wizson, Phys. Rev. 45, 706 (1934). 
2 A. LANGSETH and R. C. LorD, loc. cit. 
? SVEND BRODERSEN, Mat. Fys. Skr. Dan. Vid. Selsk. 1, no. 4 (1954). 
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isotopic species. For the present purpose, however, it is sufficient to know the sub- 
matrix corresponding to the H (D) coordinates. This 'isotopic G matrix” is given in 
Table 3. In the form presented here it includes the isotopic G matrices of all the deu- 
terated benzenes. 


Fig. 1. Cartesian displacement coordinates. 


Using the method described in I (pag. 10) one may now construct the coef- 
ficient-schemes of all the symmetry classes for any one of the deuterated molecules. 
Ås shown in I such a scheme comprises all the symmetrical minors of the isotopic G 
matrix of the class in question. But furthermore it indicates the form of the deter- 
minental equation which is an adequate expression for the complete isotopic rule 
determining the vibrational frequencies in the class. 

In this way all the coefficient-schemes have been constructed, except that for 
the A” class of asym-benzene-d3 in which case the labor involved is rather large. Ås 
shown below, however, this particular coefficient-scheme—as well as certain others— 
need not be known in order to set up the rule. 

In Tables 4 and 5 are given a number of coefficient-schemes for the out-of- 
plane and for the in-plane classes respectively. From these tables the schemes of 
complementary species can be derived simply by interchanging H and D, as for 
instance that of para-benzene-d4 from that of para-benzene-d2. Instead of giving the 
total number of rows in these schemes we have collected identical rows into one row, 
which, therefore, is allotted an appropriate factor. No distinction has been made 
between 'a” and 'b” symmetry coordinates because this would be of no consequence 
for the calculations. For this reason the corresponding two columns have been com- 
bined and only one given for asym-benzene-d2. 

All the partly deuterated benzenes may be considered as derivatives of the D,, 
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TABLE 2. 

SEE EEN SEE EÉD EET ES EO 
Class Symmetry coordinates Freq. no. 
EET EDER EET ST SS 

Å SENE (TY VS FYg FI Ya TYRE Ye) G maa 
ab , . 
S Ss =1///6 (0 u1+ u2+ u3+ Ya+ u5+ 6) HD 
z Sy =1///6 ( Yj— Yz+Y3— Y4+tY5S— Ye) é DE 
I SE , ; 
3 S4 =1/Y6 € v1— v2+ u3— Y4+ U5— Ve) HED 
Segr = 1/12 2Y,— Yo Y3H2Y4 — YS=YG) G SD 
Er Sga — 1/2 meÅ — Xø + X3 — Xs + X8) C 
g, Sa =1//12( 2 y1— Y2— Yy3+2 44— Y5 — U6) H, D go 
Sga =1/2 ( — To + Ig — T5 + %g) HED 
Sj Ul Ya — Y3 im USE ME) Cc Rg 
Et Søv =1/Y12(  2X7— Xo—X3+2X4 — X5 — X6) G GE. 
gt Sen =1/2 ( Yo 3 + Y5— 6) ZLÆD Ska S Re 
Sga =1//12( 2Y1+Yz—Y3+2Y4— Y5+ Ye) c ET YE 
EF SR ERE — X& — X3 HEDE SGD) eg 8a, 19a, 
EX Site = 1/12 ( RU TEE US 3 2 UAE RUST 6) ISEED BORER 
S12a = 1/2 ( Far 9 Eng HF Xp Te) HED i i 
$ 79 £ 18b, 19b, 
153 S10b ES 1/1/12 (- 2X7 — Xo + X3—+2X4 + X5 — Xg) € 
ig Sug VA 925 EY + Y5+ 96) HARD SOE 
SSG Bero HR SNEDE RG) G 
Pau a 14, 15. 
Ål S;5 =1//6 (| X1+X2+X3+ X3+X5+ Xg) Cc Aug 
Bom SX. ange 
Ser = 1/1/6 ( T] + Tg+ d3+ %4+ %X5+ %6) ERD i 
By Sø SVG AE yt Gys VIE AS = VA] & Bø s 
Ø 6 , 
SE: = 1/V/6 ( Z1— Zo+ Z3— Z4+ 2Z5— 26) H, D 
AS Sig = 1/V/6 ( LER Lø + Z3 + Za4 fe Ls + 26) C ii 
ig 6 AIDSE 
SN =1/)/6 ( Z1+ Zøo+ 234 2Z4+ 2Z5+ 26) AED G 
+ Sora YDER 27337 ME he HØ Cc 
Eva lg ! 2 g 528) 16a, 17a. 
Ss2a =1/2  ( — Zo+ Z3 FEE SAN ED 
El, SEE IDE SAS EDT EVE € 
gr 12 b Å 
Szgp = UNE 2 Z3— Zo— 23 bt 2 25 — 26) HaD 16b, 17b 
al SET Zy4Z rr RE 
E 3a 2523 SnEZ6) 
Æ SE IN orig Be HUD 10b, Ra. 
ED Syg ETON Ga DØ EL JjssD Pan= TAS NS SA) G 
gg SB 
S24D > 1/Y/12 ( PAVA NGE Zo Z3 2 Z4 Z5 d 276) æn) 10b, Rp- 


Fm ———————— 
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TABLE 3. Isotopic G matrix. 


+ + — -— 
Årg Bly E ga Egb Ea Eub Banu | Aag 
Sg SEES San SS Se Sag Se] Sen Sr] Sme] Sr 
Aig Sø a d g i h —j 
Blu Sa d a h —j g i 
+ S7a g h c —k fi 1 
Ega 
Sga b k me 1 i == 
Eng S79 i: —j —k b i) e 
Egb 
Sgo k (€ 1 cl h g 
BE SaTe h g f i ce —k 
ud 
S12a —e 1 b k i ll 
ET Si1s —j i i e —k b 
ub S fr g (au 
12b l i k c mø h 
Bau S14 j h i mes a d 
Åag S16 —i g —] —h d a 
+ + -— = 
Bag Å2u Eva E yo Ega Eb 
Sig S20 S22a S24p S24a S24p 
Bag Sig a d j h il g 
Åsu S29 d a —j g j h 
RE ES ea eereer 0 HE EN 
Era S22a j mel b k e — 1 
Er S h 
ub 22b g k c =3j| ii 
Br S24a =bl Å e — 1 b k 
Es S245 g h —] ii k Cc 
where 
a=1/6  (uitua+tu3+ pat us + 46) g = 2/1/12 (241 — u2— 113 + 2444 — 15 — 116) 
BEG RE Ha + U3 + 45 + 46) h = 2/)/12 (241 + u2—43—244— 115 + 16) 
c =1/12 (441+m2+u3+ 404 + W5 + U6) i = 6/1/12 ( Ha — 43 + 45— U6) 
d=1/6- (u1—p2 + u3— 4 +u5— We) j = 6///12 ( Ha + 13 55 0) 
TJA GE ug F W3 + U5— 16) <= 3/Y/12 ( Hz — 43 + 45 — 6) 
f =1/12. (441— 4/42 + 143—4 4 + M5— M6) 1=3/|/12 ( [la + 143 — H5— He) 


u1 etc. are the reciprocal masses of the hydrogen resp. deuterium atoms. 
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TABLE 4. Coefficient-schemes for the non-planar classes. 


BE Sa KE KER Bon HR ER HER 
Sig | Szo | Sz2z | 5924 Sag ES > ork ES 22 IRS 52 
PR 72 HEE D NEED H H H 
IU | 70) H B. 1/6 | H D H H 
sym-dg3 ——— | ———— | —— d4 1/3 ET VEL D Fl 
5 Ale H D 1/8 | H H H D 
tee pt Beers Hs Er ER 0 RT 
EO AD 1 El H 
ED H ERE ER UN el RE ØR ad lee 
BM Mes er, D 1/6 | H H H D 
—— | ——— | ——— | —— | — | —— p 1/6 | H H D H 
1/3 D H ge USER ej D H| HH 
psdgr | 22% | og H D m-d, 1/3 D H H H 
Ålu 1 H re 12 H D 
—— |(——— | — | — | —|— 1/2 D H 
Big il H LEE 
—— ——|—|-—— 1/36 | H D H D 
MR Hr" H D 1/36 | D H D H 
AGE ETS ED H H vic-dg | B2 (2/9 | H H D D 
VD 21 D H DDK | ae D H H 
ØR | | == VE ber D D H 
1/6 H D H ye | dø) H H D 
Bo EB D H H En Eee RE es NS 
1/2 H En D 34 11/22 EL D 
—— | —— | —— | — | —|—|—— BE D H 
ves er DE Brra DD 
sa En H | DD | HH 
0) DS Eno Herr: 
RHEA ETON NED D | HH | HD 
GT hr 7er FR DD BED 
1/9 | H | JE0D |-DD 
TORE Hr DR BEDS McD 
SNORE HED BR raDE BED 


species, and accordingly their fundamental frequencies may be calculated from those 
of the D,, compounds (-d, and -d,). Many of them (viz.: -d,, ortho-d,, meta-d,, 
asym-d3, ortho-d,, meta-d,, and -d;) may, however, just as well be considered as 
Ds, derivatives, and their fundamental frequencies may on this basis in fact more 
easily be calculated from those of the D,, compounds (para-d, and para-d,) together 
with those of the D,, compounds (-d, and -d,), the latter being considered as having 
Ds, symmetry. Correspondingly, asym-d, may be treated as a C,, derivative. 

There are therefore several alternative combinations of partly deuterated ben- 
zenes to which the complete isotopic rule may be applied. This leaves us a certain 
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TABLE 5. Coefficient-schemes for the planar classes of sym-benzene-d,, para-ben- 
zene-d,, and vic-benzene-dz. 


+ 
Åig Blu E Eg Boy Åag 


sym-dg E' 


vic-d3 


E 
ORSES RRS E KE SKER RER 
men IS DLR fe Ej Fu ml ele) 
IU ESESEEES ERR SÆSEES 
se fæle pe far ej le) De el fen) 
elle telt ze ze ef fæl fæ END) 
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latitude for choosing that particular combination which in practice presents the easiest 
way for the calculation of the fundamental frequencies of the lower-symmetrical 
species. In Fig. 2 is sketched how, for instance, benzene- d1 may be considered as an 
"intermediate" compound between benzene-d, and para-benzene- d2>. For asym-ben- 
zene-dg there are four different possibilities. 


light heavy intermediate 


erne 


lort 


Fig. 2. Alternative possibilities for complete isotopic rules. 


Ås discussed in I (pag. 13) the rules for all symmetry classes of the intermediate 
compounds to the left in Fig. 2 are of the mean-value type. For instance, for the A; 
class of benzene-d, we have: 


(ADT HADE BE VE SEE 


The coefficients of [(A4,,)""] and [(B,,)f] are formed in a way analogous to that used 
for a hybrid class (I, pag. 5). The Tules for asym-benzene-d; as a Ds, derivative (to 
the right in Fig. 2) are more complicated, involving four different hybrid classes. The 
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frequencies of this compound are therefore more easily calculated by use of, for 
instance, the following rule for the in-plane fundamentals: 


(ASE FTER HADE BH TE] HT ABE BI] 


Here again the coefficients for para-benzene-d, considered as a C,, compound are 
evaluated as for a hybrid class. 

This means that all the frequencies of the following isotopic molecules: -d,, 
ortho-d,, meta-d,, asym-dz, ortho-d,, meta-d,, and -d;, may be calculated from 
those of: -d,, para-d,, para-d4, and -d,. It was shown in I (pag. 13) that the isotopic 
rules are strictly valid only for the non-planar fundamentals of all the deuterated 
benzenes as well as for the planar fundamentals of benzene-d, and benzene-d;. For 
the planar fundamentals of the rest of the above mentioned isotopic benzenes the rules 
are only approximately valid in so far as they in these cases are based on the separa- 
bility of high and low frequencies. 

It should be noted that sym-benzene-d; and vic-benzene-d, can not be con- 
sidered as Ds, derivatives. This is because the two para atoms in these compounds 
always are different, one being a hydrogen the other a deuterium atom. 

The fundamental frequencies of sym-dz, para-d,, para-d4, and vic-d, must be 
calculated directly from benzene-d, and benzene-d,. Two symmetry classes (E7 and 
Ex) of the D,, molecules contain more than one isotopic symmetry coordinate, which 
means that the rules are strictly valid for those symmetry classes of the intermediate 
compounds which do not contain these vibrations. These include all the non-planar 
vibrations, but of planar vibrations only the two classes A7 and A, of sym-benzene-d,. 
The form of the rules are immediately given by the coefficient-schemes (Tables 4 
arnds5)-as"diseussed mm "1 (pag. 12). 

The frequencies of the remaining planar fundamentals are given only by ap- 
proximate rules, the form of which is found in the following way. 

We assume that the hydrogen atoms in all high-frequency vibrations move in 
the radial (y) direction only and in all low-frequency vibrations in the tangential (æ) 
direction only. In other words, we assume that the movements of the hydrogen atoms 
in the high-frequency vibrations may be described by use of the y-symmetry coor- 
dinaåtes only (52,947 57779777 577 gr AD 5177), and in thelow-frequency vibrations by use 
of the r-symmetry coordinates only (587, 5g95 5122 91295 914» and S$76). Consequently, 
the whole problem is splitted into two, one for the high-frequency vibrations, and 
another for the low-frequency vibrations. In order to set up the rules the coefficient- 
scheme is splitted into two parts: one for the high frequencies comprising the columns 
labelled S,, $4, S», and $;;, and another for the low frequencies comprising the columns 
labelledss ses Sys andssre, 

As the two low frequencies 1 and 12 belong to classes containing radial symmetry 
coordinates only they should in this connection be taken together with the high, 
radial, stretching frequencies 2, 13, 7, and 20. This suggests a further splitting of the 
high frequency part of the coefficient-scheme into two parts: one for the frequencies 


12 
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TABLE 6. Splitted coefficient-schemes for the planar classes of sym-benzene-dz, para- 


benzene-d,, and vic-benzene-d;. 


sym-dg 


p-d2 


Ål 


By 


Freq. No. Freq. No. 
1 and 12 6, 8, 9, 18, 19, 14, 15, and 3 
AGTER EDT BE 15 135 | Aøg 
Sø S4 SEES Ton ES Ta Se 
Moe BES ErER HED 
VORE Broe SEE 
mø | ar | an) 
TPE HEDE DE 
1/2 rr ED 
1/2 D | H 
vs ED i læ 
DYSE 
1/3 D 1 En 
2/3 H 
1/3 Er ED 
2/3 me 
TVR Hr, D 
SYS RE NED H 
5/18 | D He PER BEER ED 
Sy ere HED SER 57/0 DER 6, 
STORE RED D 
Del fe El huder 
17360 Dee be DE rr 
17507 Hr ne Br en 
SVOR HEDE NEDE HEER Er 
SND EEN Sae RD ED 
1743 ED erne ED 
ARE REE EDEN BEDER Er 


Freq. No. 

2137 ande 20 
ÅRER ED ES MES 
lg 1lu (i U 
SS ES 4 HESSEN RS 7 

12 HEE > 
os ea | va 

1/2 Ea SED 
1/2 DE | E 

sen H 

2/30 HE D 
1/3 D H 
2/3 H D 
i HH 

il TE 
MES Der | | om 
1/30 ER FEDE EDR He: 
SO BEDE DE SEE HR 
JO REGEREDE ED 
14 BED Er BSN rr 
1740 PE EDEN EA ED 
1/2 wa D 
1/2 DM NE 


1 and 12 comprising the columns labelled $, and S4,, and one for the frequencies 2, 
13, 7, and 20 comprising all four columns labelled S$,, S4, $7, and S$74. 

The coefficient-scheme splitted according to the above discussion is shown in 
Table 6 for sym-benzene-d;, para-benzene-d,, and vic-benzene-d;. From this scheme 
the rules for each group of frequencies is set up in the usual way. The high frequencies 
2, 13, 7, and 20 may be treated as hydrogen or deuterium frequencies separately by 
using only the H or the D elements of the schemes as discussed in I (pag. 19). 
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To sum up, the whole calculation is splitted up into five separate parts cor- 
responding to the following types of vibrations: 


1) the non-planar vibrations (z coordinates), 

2) the low-frequency planar vibrations from classes containing hydrogen tangential 
(xæ) coordinates, 

3) the low-frequency vibrations from classes containing radial (y) coordinates only, 

4) the deuterium stretching vibrations (y coordinates), and 

5) the hydrogen stretching vibrations (y coordinates). 


The validity of this procedure is based on the assumption that the high and 
the low frequencies respectively correspond to pure radial and pure tangential vibra- 
tions as far as the hydrogen (deuterium) atoms are concerned. This is doubtless 
correct to a sufficient approximation for the high frequencies. For the low frequencies 
of the Ej and E, classes, however, it can not be strictly true, although it is obvious 
that most of these frequencies correspond to tangential vibrations. A further discussion 
of this point will be given in connection with the comparison between calculated 
and observed frequencies (pag. 34). 


Observed Frequencies. 


The normal frequencies of the benzene-d, and benzene-d, molecules, which are 
used as the basis for the present calculations, are given in Table 7. Except for minor 
corrections made on the basis of new Raman data the assigned frequencies are the 
result of the detailed investigation and analysis of the spectra of benzene-d,, sym- 
benzene-d3, and benzene-d$ reported on previously?. 

The frequencies of the partly deuterated benzenes are all from measurements 
carried out in this laboratory”. The samples used for the present investigation were 
all except one (para-benzene-d2) the same as those used previously to obtain the 
Raman spectra?. The preparations have been described by LANGSETH and Krirt?. 

The Raman spectra of all the deuterated benzenes in the liquid state have been 
reinvestigated using photographic technique. The spectra were excited with as well 
filtered (NaNO») as with unfiltered mercury radiation. The Raman frequencies were 
measured both from photographic enlargements (by interpolations between lines of 
the iron arc) and from microphotometer curves. 

The infrared spectra of both gas and liquid state have been recorded on a 
Beckman IR3 spectrometer using the technique previously described. 

All the samples investigated (except that of sym-benzene-dz) contained an ap- 
preciable amount of lower deuterated compounds. But as the spectra of all the dif- 


1 SVEND BRODERSEN and AÅ. LANGSETH, Mat. Fys. Skr. Dan. Vid. Selsk. 1, no. 1 (1956). 
2 SVEND BRODERSEN, N. GROVING, Å. LANGSETH, and E. MADSEN, unpublished work. 
SAT LANGSETH and R.C. LorpD, Mat: Fys. Medd. Dan. Vid. Selsk. 16, no: 6 (1938). 

4 AA. LANGSETH and Å, Kit, ibid. 15, no. 13 (1938). 
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ferent isotopic species were available, it was in most cases possible to subtract the 
bands orriginating from the lower deuterated compounds. In no case bands due to 
other impurities have been detected. 


TABLE 7. Fundamental frequencies of benzene-d, and benzene-d,. 


DIR req. Vapour Liquid 
NO: -d -dg -dQ | -dg 
gg 1 992.8 945.5 992.5 | 945.1 
lg 2 3073.50 | 230320 | H3062 2294 
(2 12 1010 970 1010 970 
LA 13 3057 2285 3048 2275 
6 607 579 607 579 
z 71 3055 2275 3047 2267 
9 8 1600+ 1558 1595+ 1553 
9 1177 868 1177 868 
18 1037 814 1035 812 
E, 19 1482 1333 1479 1330 
20 3068+ 2288 3057+% 2276% 
i 14 1309 1282 1309 1282 
SLA 5 1146 824 1146 823 
Åog, 3 1350 1059 1346 1055 
n 4 707 599 707 599 
Bø 5 990 829 991 830 
AGRA HET 673 496 675 497 
ai 16 398 345 404 351 
i 17 967 HSG 969 789 
DE 10 845 659 849 663 


£ Assumed, unperturbed frequency. 


Because of the enormous number of bands measured in all these spectra we 
shall not attempt to give a complete list of observed frequencies or even to bring 
graphical reproductions of the spectra. In Tables 8—18 are given the frequencies inter- 
preted as fundamentals. Normally they correspond to the more prominent bands of 


the spectra. Only the bands assigned to inactive fundamentals, observed in the liquid 
state, are weak. 


Numerical Calculations. 


Although the proof of the complete isotopic rule is based on the harmonic 
approximation we have not found it necessary to make any attempt to adjust the 
observed frequencies for benzene-d, and benzene-d, to fit this approximation. Because 
the calculations based on the isotopic rule really are a kind of interpolation between 
the frequencies of the "light" and the 'heavy” compound the anharmonicity tends to 
cancel. The calculations were consequently carried out directly from the frequencies 
given in Table 7. As the fundamental frequencies assigned for the vapour and the 
liquid state differ a little we have carried through two series of calculations, one for 
each state. 

Even if this is a tedious task, most of the calculations may be carried out on an 
electric desk calculator (digit capacity: 10—10—20). In one case, however, we have to 
solve an equation of 13. degree (class A” of asym-benzene-dz), which can not be done 
with this kind of machine. In order to solve this problem and at the same time to 
increase the speed and the accuracy of the calculations, it was decided to use an 
electronic computor. 

A code has been worked out for the danish electronic computor Dasx. The 
code was made so that it should be of universal use for all calculations based on the 
complete isotopic rule. 

For each special problem a set of operational orders must be set up. For benzene 
these orders are identical for the non-planar and the low planar frequencies (6, 8, 9, 
181914 Sande) Eb SE Com veniencefiskcausedbystherformalkconformiykontdere 
and z symmetry coordinates (Table 2). 

The results of the calculations are given in Tables 8—18 (pag. 25—33). The 
hydrogen stretching frequencies have not been calculated because we know that the 
resulting frequencies all will fall inside the original interval, which is only 18cm”” 
for the vapour and 15 cm”? for the liquid (see Table 7). Furthermore, it seems rather 
futile to make these calculations in view of: a) the uncertainty of the basic frequencies, 
b) the errors arrising from the introduced approximations, c) the experimental errors, 
and d) the great probability in this region for resonance because of accidental de- 
generacy. 


First-Order Approximation. 


It may be difficult to survey the changes in frequencies calculated from the rule 
for the various isotopic species. For this reason we have found it convenient to intro- 
duce the following first-order approximation: The squares of the frequencies are 
calculated from those of the full-symmetry compounds by linear interpolation fol- 
lowing the rule given by the appropriate column in the coefficient-scheme. 
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This approximation has the following advantages: 


1. The first-order frequencies have a certain physical significance. They account 
for the pure isotopic effect on a single vibration neglecting the interaction with 
all other vibrations. 

2. The sum of the squares of the first-order frequencies equals that of the correctly 
calculated (the highest degree coefficient in the secular equation is correct). 

3. The first-order frequencies are easily calculated (see below). 


In order to demonstrate how the first-order frequencies are calculated we may 
take some examples from the planar frequencies of para-benzene-d,. 

For the frequencies 1 and 12 we use the two columns in the coefficient-scheme 
labelled A;, and B,, respectively (see Table 6). In both cases we get 


PER SAR ES ges 


where Ap and 44 are the squares of the frequencies in benzene-d4 and benzene-d, 
respectively. 

For the low frequencies of the B2,, class we get for 18b and 19b (originally 
infthe fEZ class) 


whereas for 14 and 15 we get 


Instead of using a column of the coefficient-scheme we may equally well take 
the corresponding diagonal element-of the isotopic G-matrix (see I pag. 10). Let us 
denote this element (1—4) 44 + «up. The first-order frequencies in the class are then 
given by 


A=(1—4) År t Ap: 


The value of & is easily calculated as the sum of the squares of the coefficients for the 
deuterium atoms in the corresponding symmetry coordinates. From Table 2 and the 
above given rules for the splitting of the coefficient-scheme we get the following values 
fort: 


0-d, | vic-d -d 
-d -d 5 Sasi S i = 
1 p-d, m-d, |sym-d, aS-C3 -d, p-d4 ds 
EET EET Eee Ul Kc 
non-degenerate vibrations 1/6 2/6 2/6 | 3/6 3/6 4/6 4/6 5/6 
a-components of low-frequency vibrations 
b-components of high-frequency vibrations g y ye AR Må SN i 5 


b-components of low-frequency vibrations l 2/6 4/6 1/6 3/ 3/ / 
| 5 5 6 4 5/6 2/6 4/6 


a-components of high-frequency vibrations 
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Note, that the mean-value for & for the two components of a degenerate vibration 
equals that for a non-degenerate vibration. 

The first-order approximation is indicated in Fig. 3—11 by use of a thin line. 
The abcissa in these diagrams is linear in square of frequency. The first-order approxi- 
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Fig. 3. Non-planar classes of the D2x compounds. 


mation is consequently represented by a straight line for a non-degenerate vibration, 
but by a broken line for a degenerate vibration. 

If we next pass on to the frequencies calculated from the complete isotopic rule 
(indicated in the diagrams by heavy marks) we take the interaction of the vibrations 
into account. This interaction causes a mixing of the vibrations. The effect on the 
frequencies is a splitting, following the above given rule that the sum of the squares 
of the frequencies is maintained. 

The magnitude of this splitting is very different in the various cases. Isolated 
frequencies maintain the first-order approximation value within the experimental 
error. This is demonstrated by the fundamentals 1 and 12, in o-d,, p-d,, 0-d4, and 
p-d4, which in our approximation do not interact with other frequencies. 

Mat. Fys.Skr. Dan. Vid.Selsk. 1, no.7. a 
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The frequencies of distinct carbon vibrations, which have nearly the same 
frequency in benzene-de and benzene-ds, shift very little from the first order approxi- 
mation - values. This is demonstrated by the fundamentals 6a, 6éb, 8a, 8b, 14, 
16a, and 16b. Exceptions are cases where the first-order approximation value hap- 
pens to be close to that of another vibration of the same symmetry. This is very clearly 
demonstrated by the fundamentals 1 and 12 in benzene-d;, meta-d,, vic-d;, sym-dg, 
asym-d;, meta-d,, and benzene-d;, as well as by 14 in benzene-d,; and meta-ds. 


ze l l L Ea | I Er oe rr 


DD 1000 $500 cm" 


Fig. 4, Planar classes of the D24 compounds. 


The frequencies of distinct hydrogen (deuterium) vibrations, having very dif- 
ferent frequencies in benzene-d, and benzeneé-d,, are liable to shift very far from the 
first-order approximation values. This is especially the case for the stretching vibra- 
tions, where ihe mixing is so complete that almost pure hydrogen and deuterium fre- 
quencies result. In these cases the first-order approximation is of no value, and the 
corresponding diagrams are therefore not given. 


In a more complicated manner the hydrogen (deuterium) bending vibrations 
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mix with each other as well as with bending vibrations being partly hydrogen (deu- 
terium) partly carbon vibrations. Especially the fundamentals 18, 15, and 9 are 
often mixed very completely resulting in a large splitting of the frequencies. 

The physical reason for the splitting of the first-order approximation frequencies 
is the following. In the full-symmetry compounds the atoms are oscillating according 
to the restrictions given by the symmetry of the class to which the frequency in question 


400 700 900 cm-i 
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166 > bl ; 106 17bR5 
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Fig. 5. Non-planar classes of the C24 compounds. 


belongs. In the first-order approximation these restrictions are maintained for the 
partly deuterated compounds in spite of their lower symmetries. But when the approxi- 
mation is abandoned these restrictions vanish and certain interactions arise. In the 
simplest case of two interacting vibrations we get the well-known splitting into two 
new vibrations, one in which primarily the hydrogen atoms and the corresponding 
carbon atoms oscillate, and another in which primarily the deuterium atoms and the 
corresponding carbon atoms oscillate. The first one will have a higher, the latter a 
lower frequency than both of the first-order approximation frequencies. In the limit 
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this splitting may result in a pure hydrogen vibration and a pure deuterium vibration 
with frequencies being some sort of mean values of the two frequencies in benzene-dp, 
respectively benzene-d,. This is the case for the hydrogen (deuterium) stretching 
frequencies. The result of the mixing of more than two vibrations is in principle the 
same, which is evident from the diagrams. 


600 1000 


6a 18a 9a 19a ba 


6a 18a 9a 19a Sa 
66 186 15 96 1405 196 86 


66 18615 96 3 14. 196 86 


ie l LE I I I I I I I I 
600 1000 1500 em”! 


Fig. 6. Planar classes of the C2 compounds. 


As a consequence of this point of view, the highest frequency of an intermediate 
compound can never exceed the highest frequency in the corresponding symmetry 
class of benzene-d,, and analogously, the lowest frequency of an intermediate com- 
pound can never be lower than the lowest one in the corresponding symmetry class 
of benzene-d,. Also this general rule is distinctly demonstrated by the diagrams. 

The degree of mixing of the vibrations, and the consequent splitting of the 
frequencies, depends largely on the closeness of the first-order frequencies as well 
as on the carbon or hydrogen character of the vibrational modes. These factors are, 
however, not the only ones responsible for the magnitude of the effect. This is evident 
from the behaviour of the frequencies 1 and 12 shown in Fig. 11 (pag. 23). 
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The strongly varying splittings may be explained in the following way. The 
common three-fold symmetry of the D£,, classes A,, and By, divides both the carbon 
atoms and the hydrogen atoms into two sets, inside each of which the atoms are 
restricted to oscillate identically. In the first-order approximation these two sets 
move alike, in-phase and out-of-phase respectively. If the two sets are loaded equally 
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Fig. 7. Non-planar classes of the (250; compounds. 


—as in ortho-d,, para-d,, ortho-d,, and para-d,4—we get no mixing and, hence, no 
splitting. If there is one deuterium atom more in one set than in the other—as in 
benzene-d1, vic-d3, asym-d3, and -ds—we get a slight mixing, resulting in a slight 
splitting of the frequencies 1 and 12. If the disparity between the loading of the two 
sets is two deuterium atoms—as in meta-d> and meta-d4—we get a moderate mixing 
and a moderate splitting. Finally—in sym-d3—we have a disparity of three deuterium 
atoms, and therefore a large mixing and a large splitting. Mathematically this is ex- 
pressed by the different values of the G matrix element (G, 4, or by the corresponding 


coefficient-scheme. 
AX 
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ås & result of the mixing the vibrational modes may undergo a considerable 
change from their original form. Consequently, the numbering of the fundamentals 
in the intermediate compounds will be more or less arbitrary. In order to have a 
fred canvention, we have numbered all fundamentels in a definite class of a definite 
cempaund in accordance with the order of the first-order approximation frequencies. 


ad 17000 1500 cm” 


&æ 184 15 9 bag 196 ba 


6 18a C77 3 19a 86 


&2 fBa 96 3 13a 86 
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Fig. 8. Planar classes of the C3y compounds. 


In this way we probably succeed in labelling each fundamental with the number of 
its man component. 

One of the most important properties of a fundamental vibration is its spectral 
activity (Raman and infrared). Ås a consequence of the mixing of active and inactive 
vibrations, the activity is distributed among all the vibrations in accordance with the 
mixing proportions. On the basis of the above given comments on the relation between 
mixing and observed shift from the first-order frequencies, it is therefore possible to 
give a rough estimate of the intensities of the fundamental bands in the spectrum of 
an intermediate compound. Such estimates, performed simply by inspection of the 
diagrams, have proved to be a very important help in assigning the observed fre- 
quencies. 
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Fig. 9. Non-planar class of the Cg compound. 
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Fig. 10. Planar class of the C£ compound. 
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Fig. 11. Frequencies 1 and 12. 
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Results. 


The results obtained are collected in the Tables 8—18 giving the calculated and 
observed fundamental frequencies together with their estimated spectral activities. 
Each table contains the results for one of the partly deuterated benzenes separately, 
arranged in the order of increasing frequencies. As already mentioned, only frequencies 
of observed bands interpreted as fundamentals are included in the tables. The various 
columns contain the following information: 

The frequency number assigned in accordance with the convention discussed 
above (pag. 22). 

The symmetry class of the fundamental frequency (cf. Table 1). 

The estimated activities (see pag. 22), for Raman and infrared separately, by use 
of the following scale: 


ur 
|| 


forbidden by selection rules, 

0 = inactive in D,,, formally active in the lower-symmetrical intermediate com- 
pound, but unperturbed (not shifted from its first-order position), 

= ditto, but slightly perturbed, 

2 = ditto, but strongly perturbed, or fundamental originally active in D,4,. 


(SEN 
| 


The first two groups (f and 0) are expected to be inactive; the latter two (1 and 2) 
should show an increasing activity in the given order. The distinction between activity 
1 and 2 is of course rather vague. 

As the main object of the experimental investigation was to obtain as accurate 
measurements of the vibrational frequencies as possible, we have found it difficult 
on the basis of this experimental material to find a reliable measure for the intensities, 
especially for the Raman lines. Furthermore it is impossible to assign an intensity 
to each single component of the complicated groups of overlapping bands in the 
infrared vapour spectra. We have therefore decided not to include any quantitative 
statements of observed intensities in the tables, but are referring to the discussion of 
the spectral activity given below (pag. 34). 

The calculated frequencies (cf. pag. 15) for as well the gaseous as the liquid 
state. They are given in cm" without a decimal because several of the basic frequencies 
are not known with greater accuracy. 

The observed frequencies (cf. pag. 13) for the gaseous state from the infrared 
spectra, and for the liquid state from both infrared spectra (I) and Raman spectra (R). 
If a band observed in the spectrum of the vapour has a Q-branch, the frequency 
given refers to the maximum of this and is in the table marked 'Q”. These frequencies 
are fairly reliable. All other frequencies measured in the spectra of the vapour refer 
to the estimated midpoints of the bands, and are consequently less accurate. The 
frequencies for the liquid state (peak frequencies) are normally accurate to +1 cm”, 
but for ihe weak and broad Raman bands the error may increase to +5 cm”. If two 
such bands are lying close together (as is, for instance, the case with 6a and 6b) 
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they are often not resolved. In such cases the frequency given will be a mean value of 
the supposed doublet. 

The differences between calculated and observed frequencies. These are in the 
tables given for the three cases separately: vapour (I), liquid (1), and liquid (R). 


Benzene-d, ARTE SE 
É Frequencies in cm”! 
Esti- 
Freq. | Sym. | mated Vapour Liquid 
5080 IEA SS EK SGD EVEN 5 ——— 5 SE 
Obs. Dif. Obs Diff 
Calc. Calc. 
BIER | I I | I FE | I R 
SD hrsgs NE VE ET SY IN 383 ||ITLITI 381 149 
Te HEE EEG 398 | | ||| 404 [11] 403+ HS 
SE EB ET 2 598 598 ER | ==, 
San FEAGE HOR 2, 607 ER 607 FE: 602 +5 
11 (BOA HEH OD 606 GO OR EST 608 608 j +6 
4 BMUED RK NES: 701 698Q | +3 702 699 z +3 
TOD ABS Ho >, 776 UT OR HE 780 779 779 0 BE 
JOR SEA SE UR 12 845 A 849 3. 850 —1 
JE ad PELSE EDEN 5 858 8570 NE 1 857 858 857 +1 0 
f7b EB 95 923 924 0-1 925 926 925 +1 0 
Fed HAS FEE 9 967 969 969+ 0 
1 FG EDEN Ho 983 Ek URE SE 980 |f +4 +2 
5 Bon (END 984 ø 985 If Sa ER EY 
12 AGRE BON HE OS RE1006 så 1006 1007 1007 —f —1 
1800 EA 12011053 1034 Q' | +43 1035 1033 1032 42 38 
OBE EB IE HYDE 1 080 1077 3 1079 1077 1076 +2 +'3 
15 Bi 2 2 1157 Så 1157 Ica. 1159 1158 |ca. — 2 —1 
Far HAGE EO 2 4177 E: 11770 'c2 1474 147700 |cam3 0 
3 BRØDET 1" 17295 4 1294 Må 1291 +3 
14 Br (ET 1327 ÅL 1325 Sa s> 
19D | By 2 1 1446 | 1440 to 1443 1448 5 —5 
(90 BA (23 | KON 41482 (1499 1479 1473 Fa +6 
SD ERB RE ET 2 17599 & 1585 ig 1576 +9 
Bag EA | ONE 2 HET 600 Es 1595 : 1593 +2 
DaR BEAT EDR LDS 1-2986 BDTYLON NEO 2276 2269 2270 +7 +6 
FR HE BEN EON 09 3012 
13 FARE 23 1 152, | 3055 j 3032 | 3047 3020 æe 
SOE REAGERE I 2 ED: to 3045 to 3030 43057 
BOT RR KØN 0 | 3074 | 3082 | 3062 3061 | 3066 
2 FUE ZEN ap) E 3076 


£ Extremely weak lines. 
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0-Benzene-d, TABLE 9. 
ERE SSTESESSFFFE EVO EELEGREEESTDSISs sin 
så 


Frequencies in cm 


Esti- 
Freq. | Sym. | mated Vapour Liquid 
no. | class | activity FE ROD | Obs | Difr. 
Calc. Calc. 
ea fee gg | zen] arr: 
Tebe Re STREET | 393 Cars 
11 Bee || 2 575 575 Q 0 577 579 582 —2 | —5 
AR | AE TR Ko 502 Rø 592 n ' 552 fre 
Gb EB ERE? 603 &: 603 E Use 
4 Ao Er 2 663 As 663 M 661 55 
(Op MEE 2 RE n 775 rY ' Fre | ze 
(OR Res Ro EK 778 780100 |BEE2 782 781 Sl 3 
(8 DE RAE So ED 843 843 Q 0 842 840 840 ENØ) +-2 
gan Eee 00 872 SR || ES 871 370 z Leg 
nt mg ae 886 É: 888 AR ka 
157 ba EPS R oa 952 952 Q 0 954 954 så 0 
1 ARR 072 977 bl 977 ks 974 33 
5 Les TDL SD 981 983 
(2 BI KON EO 997 E 997 Ex FÅ 
OR RATE ROR EoR 181055 1055 Q 0 1053 1055 1054 ER) =æq 
SR EB Bo OS SO er so Bea 0 1129 1128 1128 meg 385] 
15 AR 2 27101150 ce 1159 |ca. 1160 1158 ei] 
3 sm bal 5 era 1268 
14 FAG El I Er 99 Ar 1298 22 På 
TO REB 2808 14327 i I 1434 1438 ke er, 
KO AR BØ LEE EG 145700 1458 1451 At: 37 
Gel AG ba 2 rø 1577 SÅ 1566 F11 
Sol EEN 2 17595 aA 1590  |ca. 1587 1587 |ca. + 3 353 
rn | ar 1 9155] oo 2980000 REE 2271 2270 3 Beg 4 
val Ar Da on SIG | 3 2281 2276 | Se SSD | +6 
13 By | al 
KO JE IL, DØ | DN 3074 Q | SER | 3060 ( 3030 
RODE EGER 2 > 3081 3070 3058 
3 ØER Pa | 3074 || Sj | 3062 
m-Benzene-d, TABLE 10. 
ER AGE es | hen | 370 II 376 | 375 +1 
UEDE EBST Er 386 | | | 392 | | | | | ca. 390 Care 
11 Bo Hee 566 566 Q 0 568 569 ;Ø Sy 
Gå RATE EKO 593 Em 592 ss £ 26 
Gb ERE ET 2 60 i 603 ÅR | 333 | ne 
4 Boel 2» 701 697Q | +4 701 699 ke 159 
LJLOE RR) JRBRY: 170 fare at Ha) 707 ER 711 ca. 715 TiD CA = i 
(Ob HEBR eN > 812 SEND || dl 816 816 819 0 æS 
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m-Benzene-d, TABLE 10 (continued). 
K Frequencies in Cm E. 
Esti- 
Freq. | Sym, | mated Vapour Liquid 
no. |! class | activity 
Obs. Difr. Obs Di fø. 
Gale: Calc. | 
ag: R ii li I RH I R 
183 RAS DES 838 | fca. 834 5 (carl 4 837 836 838 Eg] | 
TREN SE KEDE RG) 882 SRKU 8 881 877 880 +4 mit 
5 BE HS 921 922 ZØ| 923 923 0 
17a | Ao LS -2 924 926 Fo 
1 ASO LD 970 Ey! 969 ye 970 —dl 
en RISE rar EEN Ha 976 KO | al 977 ca. 977 S ca. 0 
2 Aa EOS SS 1004 EN 1004 i. 1006 9) 
REDE ED AK DENE 061 10520 EO 1060 1051 1052 +9 +38 
Ba BSA E DANES I BET 099 fioror eee 5 1098 1107 1109 =0) lil 
45 Bi DYNED: 1167 ZZ 116700 (e21470 ik 67 ca 3 0 
3 Ba (SN 025 11974 1977 =3 1978) 1280 ==, 
14 BE ETS 11323 ; SPIL ge Ex 
ned IT ER het HE 1413 1425 == 1410 1420 1418 00 == 
Rk ME FRE HER aen 1467 1461 fe 1464 1457 El 
Bar Ar ET 1-2 1586 1581 (rr 
Spi RB 1 9 17594 & 1589 | FR | 6 IEEE 55 
ABER K>A 27 15989 20 OR EET 2 DID 2263 2270 2 Ø) 2 
KÆRE 2 1 2 152590 2290 0 2280 2281 2282 —l —P 
13 me NED > is 
20 Hr TE 55 55 | ne 3 | eo f 3057 | 3048 
2OBA ED ED | 3ggd RS U3077 3059 
2 Å1 2 2 SE 
p-Benzene-d, MEABERNES 
TE EBERT LE 358 || II 364 Hil 
to ERE 305 KERNE re DUE M 
(i SR erat > 591 ; 591 Så 595 rel 
11 Bo ED 595 506-074 597 597 u 0 
Ga 4770 RE E2 607 607 599 +8 
4 Bra 2 633 635 633 25 
TOD EB Sr RED, 739 741 an 736 395 
HESSEN 1 As øR] GREN MH 817 8180 | —1 815 820 rev 5 
TO SA EB TE ER ETA 2 845 849 ie 849 0 
LD EEN DE ER: 871 SSO E=2 873 873 AK 0 
Sit Fe RE ED 913 913 908 909 5 red 
5 Bari 2 957 958 957 +1 
rr en £ 967 969 Så 
1 ARR HEE 2 977 977 978 =ijl 
12 Biel OUT 997 gå 997 bs 
BE BERTA UNDER E 1037 1032 Q 5 1035 1030 5 
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TABLE 11 (continued). 


Nr. 


Frequencies in cm”! 
Esti- 
Freq. | Sym. | mated Vapour Liquid 
nav class! |'aCHvity, Obs. | Dift. Obs. Dif. 
Calc. Calc. 
i! R ii ER w R I R 
15 Be NVE 1101 1104 =—3 1101 1104 is 2 
SSI SAGG UR KS2RD 1777 1177 11:73 1173 +4 +4 
14 BSu il ANE 1288 1287 1291 fe 4 
3 Boi MENEDE IN 1907 sk 1304 SÅ 1311 20" 
FOR KEE 2 NR 1404 1413 =9 1401 1409 —8 
POS NERIS 2 17 7482 1473103 ME 9 1479 1468 My rese 
SKEER aGE ER P23 1575 1570 1570 0 
SED EPA ST HERE NERE 7600 1595 1587 +8 
RE MA | 1 123 112284 Se 2276 Ea 2279 =3 
13 Big (2 RIE 2287 2279 +8 2276 2270 +6 
ROS HEBSG TT 3056 3048 
20b | Big | 2 | £ | is f | 3084 | SAR ) ! 3075 Rg 
KRABBE EEUESR IN 5 Æ 3040 
> hon re | 3074 | 3062 ter 
sym-Benzene-d, TABLE 12: 
16 BE St, SIDE ER NER) 376 IE] SR] 375 SÆT 
ti TES soya he; 530 B3LO IE 531 533 æ za 
6 BARNE NED, 593 594 =il 592 ca. 592 594 ca. 0 =D 
4 FORENES On 701 SY HEE 701 697 sg +4 
10 BSN HERA ED 707 N. 71 ca. 714 114 eg (u 
18 BRED MED 838 833 07 5 837 833 834 +4 +3 
15 AS ESTER 912 så 911 Sys 
5 AS | EE 916 TOT ER 918 918 (t 
17 ed RE 0) 924 926 B. ER 
1 AS ER ED 956 955 955 956 0 —1 
12 AGERER NEDE HE 1004 ik, 1004 1003 1004 +1 ( 
9 BAR 23109 11099 io kon es 1098 1101 1102 —3 —4 
3 AG HI RESNNEE 1253 1252 ze 
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19 SAR (GES RUST 1413 1414 ul 1410 1412 1417 =>) IF 
8 RB 1025 151586 1580 6 1581 1575 1575 + 6 +6 
7 Er 23 HD 2282 2282 0 2272 2274 [2264 —2 
13" HA | ED 2294 re 2285 oå he 
20 BA 951859 153055 3063 Q 3047 3053 
2 A1 2713074 3062 SE ad SK 
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Frequencies in cm 


1 


Esti- 
Freq. | Sym. | mated Vapour Liquid 
no. class | activity 
Obs. DILES Obs. Di ff. 
Calc. Calc. 
TER i I I FE ke 
Ma boet En 367 HL 373. | ||I|| ræs > 
AKSER FARS Sa Hr ae Ka) 370 | 376 [III] f | +1 
11 BSD 5 543 543 Q 0 545 546 544 —1 +1 
SD REB TH 1 2 592 592 1853 fr=æg 
Ga AA 7 DA 2 593 ig; 592 k: f | —1 
4 BSN SE | 52 656 656 Q 0 657 656 655 +1 +2 
OA AS RE 2 707 gå 711. Se 712 ; —1 
TRADE) Er SES ER >> 776 776 Q 0 779 780 779 —1 0 
17b| Bo ode [PD 829 Sat 831 831 | 0 | —7 
Sa 5423082 838 —4 837 838 |f(ca.—3 —1 
185 Eee Bo TESS 58845 | eg | +3 844 fe. Ge: | 6 | +6 
15 Bi IP E> 892 890 +2 890 888 Ry +2 
LÆ MESS lee > 924 926 924 z +2 
1 Are | TOT 2 967 DR 967 967 965 0 +2 
5 TBV 5 976 976 Q 0 977 977 BE 0 
[2 AH TOT] 2 993 Be 992 ca. 995 993 |ca. —3 —1 
Bar RA Ko 5 ET 990 ea 4098 c.+1 1098 1097 1096 +1 +2 
SD ERB DD 4150 0 ca 4140 c.+10 1149 1148 1150 +1 —1 
3 Bree 10 11217 1214 
14 og 0 5134 84297 4? 1297 A: 
ASA EO RE 43 Se 4400 to 1410 1412 —2 
ASB RE BES EO (031450 1437 1437 Æ 0 
FULDE ES HET EOS METTE 1575 Ale 1578 f —5 —3 
BAN DAG 1012 2 4586 1581… |f 1585 || +1 —A 
Jat EAD ED 00] 2980 | c. 2260 BAT AU DES eee f +3 
DNB HO 5 185582 to 2 DAR NV 2281 ||. +4 
13 FEED | ke 2 | H5248] HE Dee | c. 3010 2285 2288 fl2288 —3 
SÅS Et RE? tet HEARD >) 3055 | 3047 | | 
LOD BSR HEDE 22. to 3070 to 3060  |+ 3059 
” Ar 2 21) 3074 | 3062 | | 
as-Benzene-d, TABLE 14. 
USE pet; SØE HE HR 354 360 | i. 
Use EG Fr HE: 383 | 389 | 388 +1 
14 NE vo 2 558 558 Q 0 560 560 577 0 zS 
Gal SEA Kat] 2155585 585 (æs hær 
6b| A' 1 2 602 Fy 602 ye Er br sandal 
4 LAG »d Ø 632 63209 0 633 633 633 0 0 
LOS HEBA EPS 52, 705 706Q | —1 708 707 706 +1 EG) 
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as-Benzene-d, TABLE 14 (continued). 


Frequencies in cm” 


Esti- 
Freq. | Sym. | mated 
no. | class | activity 


| R 
10D| AA” | 2) 2 722 | 7730 | 775 +41 
182 14% 13 3 817 | 814 Q 815 =%5 

92aj AT | 2) 2 847 | 345 Q 846 +4 
VÆR ME tee KE RE 861 | 863Q 864 (U 
5 aA" 2 1"2 921 l 921 Q 923 +2 
18b| A 2 | 2 927 |j 926 +5 
WAS 1 212 Æ2 | 963 Q 964 re ag 

1 41.00 2 967 967 i; 6 | +1 
12 Are "0 12 993 | SR 992 985 —|. 986 | +6 
15 A' |æaj 2f 1062 | 1032Q 1061 1051 1054 | +7 
hi AA 2Jj| 2 1140 | 1136 1140 1140 1140 (U) 
3 A 2 | 2 j 1266 | 1262 1263 1269 1268 =8 
14 A il 1 1288 ig 1288 1294 

19a| A' 2 | 2 1384 | 1396 1382 1392 | 1389 —7 
195| aA" | af 2) 1459 | 1451 1456 1447 | 

8a| A 112) 157% | 1565 1556 + 9 
8b| AÅ 1 | 2 | 1593 | 1588 £. 1579 +9 
7al A 2 | 2)j 2278 l 2270 || Høne 

Fl 4 2 fj 2 fj 2287 |! 2279Q 2276 2271 2281 

13 A' | 2 | 2 | 2292 i 2282 | [|2205 

20a| 4” 12 | 3055 | | 3047 || f 3056 | 

20b| A' | 2) 2 to 3078 to snna fe 3054 

2 la l|a2l2l son |! sosa  |JU 3068 


+ Probaåbly in resonåance with (1i16a + 4), calc, = 993, obs. = 1004, unebs. im imfrared, The Raman 
line at 9953 may be assigned to (16b + 6b). 


0-Benzene-d, TABLE 15, 
16b| BB | 1) 1 352 Ul 358 
162! As (511 368 | | [| 374 
11 Ba" 1.21 -2 530 |  530Q 0 531 
6b| By | 1) 2 584 584 
62al Ax | 1 | 2 52 | 592 
EK: As |£ | 2 625. | 626 
105! ' Az | rf] 2 685 åg 688 
104| | 2) 2 TA Å. STONES 737 
185| AA, | 2 | 2) 817 | 815 
17al Aa | si | 2 816 | 818 
15 Al ? 2 sa h FRK f=3 844 
9p| BB | 2) 2 849 If 1 +3 848 
57b| FB 12) 2 862 | 864Q| —2 865 


RE mt Sl 
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0-Benzene-d, TABLE 15 (continued). 
2 å =k 
Esti- Frequencies in cm 
Freq. | Sym. | mated Vapour Liquid 
no. class | activity 
Obs. Diff. Obs. Diff. 
Calc. Calc. 
FÅR il I I R I R 
LEE Een KREA Ro) 939 934Q | +5 938 932 932 +6 +6 
1 AGT 107152 962 961 962 961 0 
5 AN HOTELS 962 964 
12 Bid 010 984 984 Ze ÅR 
SE EPE RTE SR KR RES 1136 1135 1137 id —jl 
3 FREDE RD 1187 1183 
14 AT NE11 1286 Uk 1286 EY så 
SDN REAS TT VA 1368 1378 =—ill 1366 1373 1376 Er 0 
Sa ege 2] 3 1431 1426 +5 1428 1424 Så +4 
Bb BT 1 HA 241569 1564 ræ, f —7 
San EET So 57587 1576 Sar es 
La GET EDGE EDEN 9978 2269 
KE NSEBEE (9 5 152930 | 2285 Q 2271 (2271 22 
43 BIER KEDEDE DDSY | 2300 Q 2276 | 2289 2290 
20B IDEA 1127139 172598 | 2288 
202 EB UN TE 2 1) 3055 to 3047 to £ E 
S Bak 5735 | eg ) 3068 | 3063 | 3056 ' 3058 
m-Benzene-d, TABLE 168 
TER BLEER Høle HET 352 |! 358 [II N | En 
Ga (BAS Ey 370 | | 376 ULHIII 376 0 
11 Br 9319 523 524 OVN E=4 524 524 se 0 
CB NEBIE KN ATT 2 584 584 Ice hp —z 
»— 588 
Ga MEGET ED 593 eg: 592 8; j UL +4 
5: TRES 220 HR) 631 63001 057 633 633 633 0 0 
LOD EB 22 705 705 Q 0 708 706 |] An +2 |f —2 
(0ax REAR | TE 2 707 % reb BH FE 111 
17218212 12 805 806 001 807 806 seg 
15 LEE M FGÆN 150 817 81308 k—1 815 817 kr == 
TBA 159] 72 838 833 0M 5 837 831 834 +6 3 
LSE GIS En p057ER >) 854 Ed 854 ER 848 +6 
5 BONES 52. 918 SOE HR 920 920 0 
1 Ao ESTER, 924 926 FR 
On HBr 129 950 948 946 mn me) 
1 KER ad EN Ho 954 954 954 0 
2 FARE URCLSED 991 Fl 991 Eg 993= =2 
Sa BRA 2 9 1009 1097 Q ED) 1098 1096 1097 3) Ea 
3 BR RD HS 1276 1213 c. 1206 SEE y/ 
14 ge ER. 1288 1288 


+ In resonance with (16b + 4), calc. 


VOT Tobs == 987: 
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m-Benzene-d, TABLE 16 (continued). 
| Frequencies in cm”! 
Evt 
Freq. | Sym. | mate Vapour Liquid 
se! Foss) Bld HEN Ovs. | Dit | Obs. Diff 
5 [Rn] Cale, = BETTE Cale, | = | = 3 | K 
i (2/1 331 H 1370 to 1378 1384 le. 1376 | —6 | c.+2 
192| Ax (2 | 1 1430 1410 1402 1414 me. Øg! 
& | 3 | 1 | 2 1562 HH TER 1568 |f —8 —6 
Bal aa | al 2 iggr. I SÅ 158724 +11 7 
7al 41 | 21 2 | =4 2269 || | | —6 ma 
7b| 4 |2) 2 = 4 2272 2275 2273 8 Eg 
13 A3 12) 2 ! +6 2276 | | l +1 + 3 
202| 4, | 2) 2 ra 2287 2287 2288 (u Sa 
: i £ = | 2 3060 ( 2R0å hg | 3052 | 3052 
p-Benzene-d, TABERE 
—— - — 
163! Ar | £ | £ 345 |] | | | 351 HELI TI 
16b| Bx | 1 £ 374 | 380 III! g 
11 15, |2l| t 545 545 Q (Uj 546 546 sg (u 
62! Agf ff | 2 579 35 579 !l ERE 9 
65| Bzy | ft | 2) 600 EN 600 & ag VER 
4 | Bli t)| 2? 615 FN 616 617 617 ==4 == 
102| Big | £ | 2 659 pø 663 664 663 =4 (u 
105 | Bsg | i | 2 769 rr. 771 Se 768 883 
172! Azul ff | £ 787 R: 789 
183! Bu | 2 | i 814 811 +3 812 HM wa f —5 
15 | Bx | 2)! 1 820 820 Q 0 CS CREE 1 Re SSG | 4) 
9al Are | ff | 2 368 Ær, 368 er: 862 856 
5 | Bsg : 2 218 sg 920 2 l rens ER 
175| BX | 2) 1 924 924 Q 0 926 926 If 0 NH —2 
1 |Arg | | 2 22 SÅ 961 | 965 %1 |f —4 0 
9! Bay | f | 2 270 SE 969 I|jf SR | 
12 | Bu | 0) 1 984 , 984 984 ig (u 
185| B34 | 2 | £ | 1067 1057 Q | +10 1065 1036 E3 +9 
3 | Bag | £ | 2 f 12%57 1254 22 1255 => 
14 Ba! i ii 1284 cz 1284 2: åg 
198| Bu | 24 £ 1333 1354 — 21 1330 1350 ne — 20 
195 | B3u | 2) £ 1447 1435 Q | +12 1444 1432 SD 3 HØ: 
8a| Are | £ | 2 | 1558 1553 ce. 1565 æn 
8b| Bag | f£ | 2 | 1588 1583 1574 +9 
7b| Bag | £ | 2 | 275 2267 gi 2272 =25 
13 | Biw 2lt 2286 VS Q f+1 2275 | 5 ræk EK | +2 
20b| Bsu | 2 | ff | 288 | V+3 2276 If En 23 
7al A1g | t | 2 | 794 EX 2285 & 2285 Q 
20a | Bu | 2 | £ 113055 to! 3075 3047 to 3065 Fr: 
2 | A1g | £ | 2 |f 3074 ke: | 3062 = 3047 
rr ae 1 E BEER ER ED SEENDE ge ED mr 


RE bes ae eee NR sendes 
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Benzene-d; TABE LS: 
å z S 
Esti- Frequencies in cm 
Freq. | Sym. | mated Vapour Liquid 
no. class | activity 
Obs. Diff. Obs. Di ff. 
Calc. Calc. 
TER I I | I mEE | I R 
1683 BEAST ED 345 | || 351 &: 
ae ERE SM ME Er ag 
al Ba 2 2 512 512.Q 0 513 514 —1 
6a År 0 2 579 579 bre —5 
6b Bi 1 2 589 Så 588 5 584 + 4 
4 By 2 2 613 GÆS 0 0 613 614 613 —1 0 
10a Ås f 2 659 å 663 FE 664 —1 
10b By 2 2 706 706 Q 0 710 709 ek +1 —1 
ISK ASET EF, 150 787 789 
SEER SEES se 814 | ha 812 f == 
15 Bi 2 2 820 818 Q + 2 818 814 i +4 + 3 
175 Bø 2 2 818 | | 0 820 Åen +6 | +5 
18b Bi 2 2 846 845 838 840 + 7 +5 
9a Ål 0 2 868 Se 868 YE: 859 +9 
5 Bø 2 2 921 922 Q —1 923 923 928 0 —5 
1 Ål 0 2 951 951 950 +1 
12 Al 0 2 979 25 979 re 980 —1 
9b Ba 2 2 989 986 Q + 3 987 984 en + 3 
3 Bi 10.52 1472. 1169 B 1415 —6 
14 Bi TEN ER] 1284 Æ. 1284 1289+ —5 
APART 125 1.20 1833 1344 —11 1330 1341 —11 
19b Bi 2 1 1400 1392 + 8 1397 1388 +9 
OLSEN EU 85 1558 1553 sen | ilt 
8b| B4 14152 1576 1571 +7 
Jo EB EO 25 (5975 2267 [: rl 
Tad (RAS HE 2 15 155580 | | =& DMT BD ål | 0 
13 FANER 2 2 2286 2283 4 + 3 2275 2275 0 + 4 
20b Bi 2 0 2288 | | +5 2276 I +1 
20a Ada 2 2 2300 e. 2302 c. —2 2291 2291 2289 0 + 2 
2 Al 2, 2 1 3055 to 3046 3047 to 3050 3053 
3074 3062 


«£ May equally well be assigned to (16b + 5), calc. = 1289. 


Discussion. 


The agreement between calculated and observed frequencies can not be expected 


to be equally good for all the fundamental vibrations. For the non-planar vibrations, 
where the rules are strictly valid, the agreement is excellent, practically within the 
experimental error. Especially the fine agreement with the very reliable Q-branch 
frequencies measured for the gaseous state should be pointed out. Here the mean 


deviation is 1 cm” only. 
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For the planar vibrations we have, in addition to the usual neglect of anhar- 
monicity, introduced the approximation of separating the high and the low frequencies. 
We should therefore expect a poorer agreement between calculated and observed 
values. Nevertheless, many frequencies are calculated correctly within a few cms 
All the greater deviations may be accounted for in one of the following two ways: 

1. Accidental resonance with over—or combination-tones may perturb the 
fundamentals. As the probability for this phenomenon is rapidly increasing with 
increasing frequency, the assigned frequencies for the high fundamental frequencies 
are only to be considered as tentative. 

2. The low frequencies, 6, 8, 9, 18, and 19%, may correspond to vibrations, which 
involve a considerable portion of radial motion of the hydrogen (deuterium) atoms 
(cf. pag. 13). To a first.approximation this tends to permute the calculated frequencies 
of the a and b components. No such tendency is, however, observed for 9 and 18, 
and the fundamentals mixed strongly with these are also calculated correctly. This 
means that the vibrations 9 and 18 practically are pure deformations. The fre- 
quencies 6, 8, and 19, however, are in most cases observed within the interval between 
the frequencies calculated for the two components, a and b. This indicates that these 
vibrations are not pure deformations. We estimate their 'content' of stretching mode 
to be about 50, 20, and 10 per cent. for 6, 8, and 19 respectively. We must, therefore, 
emphasize that the assignments given for the observed frequencies to one or the 
other of the two components are to be considered as more or less tentative. This is 
especially the case for 6, and to some extent also for 8. For 19%, however, a permutation 
of the given assignments would probably require too large changes to be made for 
other frequencies to be compatible with the observed spectra. 

The very satisfactory general agreement obtained for all the frequencies of all 
the deuterated benzenes gives, in our opinion, the final proof of the correctness of 
the fundamental frequencies of benzene-d, and benzene-d, used as the basis for the 
calculations. 

As already mentioned we do not consider our present experimental material to 
be suitable for quantitative statements of the intensities of the observed fundamentals. 
We shall, therefore, confine ourselves to the following general discussion. 

Qualitatively the observed intensities agree very well with the estimated ones 
given in the Tables 8—18 (cp. pag. 24). Thus it is seen that the frequencies in inactive 
classes (f), as well as the frequencies unperturbed by active fundamentals (0), are 
in fact unobserved in the spectra. Only in a few cases are such frequencies—activated 
by intermolecular perturbations—observed in the infrared spectra of the liquid phase, 
and then always as very weak bands only. 

Furthermore, it is evident that fundamentals which are only slightly perturbed (1), 
in most cases escape observation. For the typical carbon vibration 14 this means, 
that infrared activity is only to be expected in the few instances where a component 
of the infrared active 19 is relatively nearby in the first-order approximation. 
Raman activity is never to be expected, as there is no Raman active frequency in the 
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vicinity in any of the partly deuterated benzenes. Any resonance that may arise with 
the nearby 3 is of no importance in this connection as 3 is both infrared and 
Raman inactive. This is undoubtedly the reason why the B,,, fundamental 14 so 
long has eluded the correct assignment. 

The rough estimate of the activity, based on a fundamental's observed deviation 
from its first-order position, may be of valuable help in the interpretation of the 
spectra. It must, however, be emphazised that the intensity by no means is proportional 
to the difference between observed and first-order frequency. If more than two fre- 
quencies are strongly involved in the interaction, which very often is the case, the 


em! 
1000 


cm”! 
1000 


|| 
| — E= 
2208 NR 950 


, på od md vi-d, sym-d, as-d, m-d od pd -% ag 


Fig. 12. Frequencies 1 and 12. 
First-order approximation: thin lines, calculated: medium lines, and observed: heavy lines. 


situation may be rather complicated. A limiting case would be a fundamental ap- 
pearing in the spectrum at its first-order frequency in spite of strong, simultaneous 
interactions with other fundamentals if these interactions cancel by accident. In this 
case the fundamental may possibly show an appreciable intensity even if it—as far 
as the frequency is concerned—is unperturbed. AÅA certain caution must, therefore, be 
exercised in the application of this intensity estimate. 

In Fig. 12 are shown both the first-order approximation, the calculated, and the 
observed frequencies for 1 and 12. This special diagram may be compared with the 
analogous one given in 1938 by LANGSETH and Lorn?. It nicely demonstrates how 12 
is only active as a consequence of resonance with 1, in which case the calculated 
frequencies deviate from the first-order approximation values. In two cases 12 further 
is in resonance with combination vibrations as indicated in the tables. 


Conclusion. 


From the material presented in this paper, as well as from the examples discussed 
in I, it is seen that the complete isotopic rule is able to predict the fundamental fre- 
quencies of intermediate isotopic species with a remarcable accuracy. 

The main application of the rule will probably be as a help to the interpretation 
of vibrational spectra. For all cases in which the complete rule is valid, strictly or 
approximately, the calculation of the frequencies of one or more intermediate com- 
pounds will give a check on the correctness of the assignment which has hitherto been 


RAS FANGSEER and Rå Corp Jr et Figr3r pag 27: 
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lacking. Even in cases where the complete rule can not be applied, a useful knowledge 
the behavior of the fundamentals by varying isotopic substitution may be gained 
from the use of the rule to similar molecules. In this connection the survey ob- 
tained by use of the first-order approximation and the diagrams may be pointed out. 

In the view of the approximations introduced as a basis for the approximate 
rule—harmonicity and separation of low and high frequencies—the accuracy of the 
rule is surprising. As already mentioned, this is—at least as far as the harmonicity 
in concerned—to some extent accounted for by the nature of the rule, being in reality 
a kind of interpolation between two sets of observed frequencies. If only the effect 
of the anharmonicity varies 'linearly” within the interval in question, the errors will 
tend to cancel. Therefore, no conclusions with regard to the real magnitude of the 
introduced approximation can safely be drawn. 

These circumstances have an important bearing on the problem of calculating 
the potential function from the observed frequencies. It is obvious that an inter- 
mediate compound, the frequencies of which are given by strictly valid rules from 
the frequencies of the full-symmetry compounds, do not contribute any new infor- 
mation concerning the potential function. But also in those cases where an approximate 
rule is valid, the frequencies of the intermediate compound are of problematic value 
for such calculations. In both cases, however, the rule may be used to calculate the 
unperturbed frequencies of fundamentals which are involved in Fermi resonance 
with other frequencies. 

The existence of the complete isotopic rule reveals a general complementarity 
principle with regard to the fundamental frequencies of the various isotopic species: 
to the same extent as the importance of these frequencies for the calculation of the 
potential function may be decreasing, to the same extent their importance for assign- 
ment purposes will be increasing. 
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